We theoretically investigate the anti-reflection (AR) films based on nano multi-layers (NML) of TiO 2 and SiO 2 . This kind of NML dielectric structures have the advantages of low-cost and flexible. Six kinds of transparent conductive substrate (TCS) have been studied here, which are ITO (indium tin oxide) glass, FTO (fluorine-doped tin oxide) glass, ITO PEN (polyethylene naphthalate), FTO PEN, ITO PET (polyethylene terephthalate), and FTO PET, respectively. The AR effect is about 2.3825% for FTO glass substrate, about 3.4232% for ITO glass substrate, about 5.2703% for FTO PEN substrate, about 5.0914% for ITO PEN, about 3.8584% for FTO PET, and about 4.2371% for ITO PET. In practice, this kind of AR films can be widely applicable to enhance the external quantum efficiency (EQE) of the solar cells, and then improve the power conversion efficiency (PCE). Finally, the improved PCE of perovskite solar cells based on our NML AR films is theoretically obtained.
I. INTRODUCTION
Perovskite solar cell (PSC) has been intensively investigated since the organometal halide cell in 2009 [1] , and the power conversion efficiency (PCE) of PSC has dramatically risen from 3.8% since then to currently 25.2% [2] - [9] . Every breakthrough of PCE by even below 0.5% is always the important work in PSC academic community. There are two ways to improve the PCE. One is to enhance the internal quantum efficiency (IQE), and the other is to enhance the external quantum efficiency (EQE). Increasing IQE corresponds to optimizing the electrical properties of each structure of PSC and reducing the recombination of electrons and holes in the cell. Over the years, the PSC community has put great efforts into addressing the peculiar physics and chemistry of the relevant materials [10] . Besides this, EQE also takes into account the optical performance of the device structure, The associate editor coordinating the review of this manuscript and approving it for publication was Nagendra Prasad Pathak. which contains transmissivity, absorptivity and reflectivity. Through optical methods, anti-reflection (AR) is an important way to improve optical performance and then increase EQE. Most of the researchers adopt nanoscale periodic structures to accomplish AR [11] - [13] . However, costly techniques such as lithography or nano-imprint lithography are often used to obtain such nanoscale periodic structures, which will greatly increase the manufacturing cost. Therefore, high efficiency and low-cost AR films are very important for solar cells both in science and industry.
Nano multi-layers (NML) AR films can also be called Bragg back reflector structure or 1-dimensional Bragg photonic crystal (BPC), which have also been used in solar cells to reduce the reflection of incoming light [14] - [16] . But the effect of these designs is not ideal, and not easy to extend. Photonic crystals are periodic optical structures with photonic band gap (PBG) that can control the flow of light. Multiple reflections from surfaces separated by a distance similar to the wavelength prevent an optical beam from propagating through the crystal. BPC devices can therefore force light around sharp bands or even trap it entirely. PBG refers to the banded gap of dispersion relation in electromagnetic response spectrum [17] , [18] . Only after that the structure of BPC is determined, PBG structure can be obtained by electromagnetic simulation method, such as FDTD (finite difference time domain) and FEM (finite element method) [19] , [20] . How to design the corresponding BPC structure from the desired PBG structure is an urgent problem to be solved. Only in this way we can get the best possible AR effect.
Here we intend to use the theory of thin film optics [21] to study 1-dimensional BPC, which is NML AR film and can be designed according to the desired PBG structure. This kind of NML AR film can be deposited by low-cost physical vapor deposition, for example the magnetron sputtering method, electron beam evaporation, or thermal deposition process. The theory of thin film optics has been developed since the end of last century. Commercial software for optical film design based on relevant theories is widely used to guide the industrial production of optical film, such as optical film design for optical lenses. Some works also use the theory of thin film optics to guide the scientific research of design, analysis, and monitoring of optical film coatings [22] - [26] .
II. PRINCIPLE
Generally, PSC structure is based on transparent conductive substrate (TCS), such as FTO (fluorine-doped tin oxide) glass, ITO (indium tin oxide) glass, FTO PEN (polyethylene naphthalate) plastic, ITO PEN, FTO PET (polyethylene terephthalate), ITO PET, and so on [1]-[9], [27] . As shown in Fig. 1(a) , TCS is constructed of transparent conductive film (TCF) and substrate medium. Light is coming in from the substrate medium, goes through the TCF, and then finally enters into the solar cell. There are two reflection faces in the TCS. One refection face is the interface of the substrate medium and air, and the other is the interface of the substrate medium and TCF. Therefore, we need two AR films to improve the optical properties of TCS, as shown in Fig. 1(b) . Besides, the interface of the TCF and solar cell is also a reflection face. However, this interface is hard to reduce the reflection without affecting the electrical properties of the solar cells. Because of a few millimeters thick white glass, the interface of air and glass cannot be modified and controlled in a practical fabrication of solar cells. Because of a few hundred nanometers thick TCF, the interface of glass and TCF may be modified and controlled in a practical fabrication of solar cells, but only in a limited way.
In the following sections, we will investigate the two grades AR films of the FTO glass, ITO glass, FTO PEN, ITO PEN, FTO PET, and ITO PET, which are all NML AR films. The 1st NML AR films involve the interface of glass and air, the interface of PEN and air, and the interface of PET and air. The 2nd NML AR films involve the interface of FTO and glass, the interface of ITO and glass, the interface of FTO and PEN, the interface of ITO and PEN, the interface of FTO and PET, and the interface of ITO and PET.
It's worth noting that the PEN and PET plastic is flexible, which can be used for flexible optoelectronic devices [28] - [30] . Here we have ignored the magnetic effect, and the relative permeability of all above materials is assumed to be 1.
III. DESIGNS OF THE TWO GRADE NML AR FILMS
The 1st NML AR films are on the interface of air and substrate medium. The substrate medium are glass, PEN, and PET. However, there are two kinds of glass, which are white glass and electron-grade glass. In usual the white glass is used for ITO glass, and the electron-grade glass is used for FTO glass. Optical properties of these two glasses are different. To simplify the problem, the substrate glasses in our following study are all white glass. Generally, the relative permittivity of air is 1. The 2nd NML AR films are on the interface of substrate medium and TCF. The TCFs are FTO and ITO.
In optical film design, low and high index materials are used to obtain the NML structure with the desired optical target. The materials should have low dispersity but no absorption in the desired optical spectrum. In this study, the low index material is SiO2, and the high index material is TiO2. However, one may also choose low index material as MgF2, and choose high index material as Ta2O5. Once the material is selected, the NML thickness will determine the final result. Then thickness can be obtained by the materials parameters and optical target simulation of Essential Macleod or other commercial software.
The refractive index n and extinction coefficient k dependence on the wavelength λ (nm) for all the materials in this study can be obtained from the pioneer published works [31] - [33] , as shown in Fig. 2 . However every different fabrication methods with different conditions will influence the material index, and then influence the final designs. Tables 1-3 show the detailed designs of 1st NML AR films on the interface of air and the substrate medium. The first rows of the tables are the layer number, which indicate the light comes from the incidence medium, crosses through the thin films, and then goes into the substrate medium. Inc. and Sub. are short for incidence medium and substrate medium, respectively. The second and third rows of the tables are the material type and thickness, respectively. There are 8 layers for the 1st NML AR films. The whole thickness of the NML AR films in Tables 1-3 Table 4 and Table 5 For FTO glass with the 2nd AR film in Fig. 3 , the improvement of optical performance is not obvious. For FTO glass in Fig. 3 , the optical property curves of 1st AR and none AR have two obvious intersections. For transmittance, as shown in Fig. 3(a) , one intersection is at 368 nm, and the other is at 969 nm. Between the two intersections the transmittance is better, but out of the two intersections the transmittance is worse. The maximum transmittance of FTO glass with 1st & 2nd AR is 96%, which is about 3% bigger than the no AR situation at the same wavelength 732 nm. For reflectance, as shown in Fig. 3(c) , one intersection is at 333 nm, and the other is at 972 nm. Between the two intersections the reflectance is smaller, but out of the two intersections the reflectance is larger. The minimum reflectance of FTO glass with 1st & 2nd AR is 4%, which is about 3% smaller than the no AR situation at the same wavelength 740 nm.
For ITO glass with the 2nd AR film in Fig. 4 , the improvement of optical performance is more than that in Fig. 3 . There are also two intersections for every couple of AR and none AR situations. For transmittance of 1st & 2nd AR situation, as shown in Fig. 4(a) , one intersection is at 364 nm, and the other is at 977 nm. The maximum transmittance of ITO glass with 1st & 2nd AR is 90.5%, which is about 3% bigger than the no AR situation at the same wavelength 729 nm. For reflectance of 1st & 2nd AR situation, as shown in Fig. 4(c) , one intersection is at 325 nm, and the other is at 972 nm. The minimum reflectance of ITO glass with 1st & 2nd AR is 9%, which is about 3% smaller than the no AR situation at the same wavelength 748 nm. Tables 6 and 7 show the detailed designs of 2nd NML AR films on the interface of the substrate medium PEN and TCF, i.e. FTO and ITO. The optical properties of the FTO and ITO PEN plastics are studied, as shown in Figs. 5 and 6. The black dotted lines are TCS with two grades NML AR films, where the 1st NML AR film is Table 2 , and the 2nd NML AR films are Table 6 and Table 7 , respectively, for FTO PEN and ITO PEN plastics. The red and blue dotted lines are the situations for TCS with, respectively, only 1st and 2nd NML AR films. The green dotted lines are TCS without any AR films.
For FTO PEN with the 2nd AR film in Fig. 5 , the improvement of optical performance is not obvious. For FTO PEN in Fig. 5 , the optical property curves of 1st AR and none AR have two obvious intersections. For transmittance, as shown in Fig. 5(a) , one intersection is at 351 nm, and the other is out 1100 nm. Between the two intersections the transmittance is better, but out of the two intersections the transmittance is worse. The maximum transmittance of FTO PEN with 1st & 2nd AR is 95.5%, which is about 5% bigger than the no AR situation at the same wavelength 721 nm. For reflectance, as shown in Fig. 5(c) , one intersection is at 326 nm, and the other is also out 1100 nm. Between the two intersections the reflectance is smaller, but out of the two intersections the reflectance is larger. The minimum reflectance of FTO PEN with 1st & 2nd AR is 4.5%, which is about 5% smaller than the no AR situation at the same wavelength 724 nm.
For ITO PEN with the 2nd AR film in Fig. 6 , the improvement of optical performance is also not obvious. There are also two intersections for 1st & 2nd AR and none AR situations. For transmittance, as shown in Fig. 6(a) , one intersection is at 356 nm, and the other is out 1100 nm. The maximum transmittance of ITO PEN with 1st & 2nd AR is 90.5%, which is about 4% bigger than the no AR situation at the same wavelength 716 nm. For reflectance, as shown in Fig. 6(c) , one intersection is at 324 nm, and the other is out 1100 nm. The minimum reflectance of ITO PEN with 1st & 2nd AR is 9.5%, which is about 4% smaller than the no AR situation at the same wavelength 778 nm. Tables 8 and 9 show the detailed designs of 2nd NML AR films on the interface of the substrate medium PET and TCF, i.e. FTO and ITO. The optical properties of the FTO and ITO PET plastics are studied, as shown in Figs. 7 and 8 . The black dotted lines are TCS with two grades NML AR films, where the 1st NML AR film is Table 3 , and the 2nd NML AR films are Table 8 and Table 9 , respectively, for FTO PET and ITO PET plastics. The red and blue dotted lines are the situations for TCS with, respectively, only 1st and 2nd NML AR films. The green dotted lines are TCS without any AR films.
For FTO PET with the 2nd AR film in Fig. 7 , the improvement of optical performance is not obvious. For FTO PET in Fig. 7 , the optical property curves of 1st AR and none AR have two obvious intersections. For transmittance, as shown in Fig. 7(a) , one intersection is at 363 nm, and the other is at 1073 nm. Between the two intersections the transmittance is better, but out of the two intersections the transmittance is worse. The maximum transmittance of FTO PET with 1st & 2nd AR is 96%, which is about 4.5% bigger than the no AR situation at the same wavelength 724 nm. For reflectance, as shown in Fig. 7(c) , one intersection is at 326.5 nm, and the other is at 1081 nm. Between the two intersections the reflectance is smaller, but out of the two intersections the reflectance is larger. The minimum reflectance of FTO PET with 1st & 2nd AR is 4%, which is about 4.5% smaller than the no AR situation at the same wavelength 721 nm.
For ITO PET with the 2nd AR film in Fig. 8 , the improvement of optical performance is more than that in Fig. 7 . There are also two intersections for every couple of AR and none AR situations. For transmittance of 1st & 2nd AR situation, as shown in Fig. 8(a) , one intersection is at 363.5 nm, and the other is at 1065 nm. The maximum transmittance of ITO PET with 1st & 2nd AR is 90.5%, which is about 3.5% bigger than the no AR situation at the same wavelength 740 nm. For reflectance of 1st & 2nd AR situation, as shown in Fig. 8(c) , one intersection is at 322 nm, and the other is at 1065 nm. The minimum reflectance of ITO PET with 1st & 2nd AR is 9.5%, which is about 3.5% smaller than the no AR situation at the same wavelength 745 nm.
From the above figures, for no AR situation PEN and PET substrates possess inferior transmittance in comparison to white glass. This is due to the larger index of PEN and PET than white glass, which will induce larger reflection. That's why the AR effect of PET and PEN is better than the AR effect of white glass.
IV. PSC BASED ON TWO NML AR FILMS
It can be found that the 1st NML AR films do not perform well in the infrared band, and even worse in the ultraviolet band. However, perovskite absorbs more ultraviolet light. But ultraviolet light makes up a small proportion of the solar spectrum. Therefore, we need to comprehensively and quantitatively analyze the effect of NML AR films on PSC.
As shown in Figs. 9(a) and 9(b), they are standard solar spectrum and PSC absorbance curve [8] , [34] . Normalization the product of solar spectrum and absorbance by integration within the specified wavelength range (from 300 nm to 1100 nm) yields weight coefficient, as shown in Fig. 9(c) , which can be denoted as W . The normalized transmittance difference between AR TCS and none AR TCS can be denoted as NTD = (T1-T2)/T2, where T1 is the transmittance of AR TCS, and T2 is the transmittance of none AR TCS. 
Combining Eq. (1) with the data in Figs. (3)-(9), we can get the ARE of different TCS with different AR film, as shown in Table 10 . The record PCE of PSC is 25.2% [9], and the record PCE of flexible PSC is 18.4% [30] , [35] . Multiplying the PCE by the ARE, the improved PCE by our NML AR films can be obtained. Therefore, the increments based on the PCE 25.2% of PSC for FTO glass and ITO glass with two grades NML AR films are 0.6004% and 0.8626%, respectively. The increments based on the PCE 18.4 of flexible PSC for FTO PEN, ITO PEN, FTO PET, and ITO PET with two grades NML AR films are 0.9697%, 0.9368%, 0.7099%, and 0.7796%, respectively.
From Table 10 , it can be found that ARE of the 2nd AR is smaller than 1st AR. In view of the practical fabrication of solar cells only affecting the 2nd AR, our NML AR films are relevant.
V. CONCLUSION
We theoretically investigate the AR films based on NML of TiO2 and SiO2. This kind of NML dielectric structures have the advantages of low-cost and flexible. This kind of NML AR films can be used to improve the reflectance of two kind of interface for TCS. One is the interface of the substrate medium and air, and the other is the interface of the substrate medium and TCF. The improvements based on the PCE 25.2% for FTO glass and ITO glass with two grades NML AR films are larger than 0.5%. The improvements based on the PCE 18.4% for FTO PEN, ITO PEN, FTO PET, and ITO PET with two grades NML AR films are almost 1%. The present method of design NML AR films will help guide development of other kinds of electro-optical devices. JINYUAN LIU is currently a Professor with the College of Physics and Optoelectronic Engineering, Shenzhen University, China. His research interest is in the development of devices for ultrafast sensing applications and optical films. VOLUME 7, 2019 
